The United Network for Organ Sharing recommends that fellowship-trained surgeons participate in 15 laparoscopic donor nephrectomy (LDN) procedures to be considered proficient. The American Society of Transplant Surgeons (ASTS) mandates 12 LDNs during an abdominal transplant surgery fellowship. We performed a retrospective intraoperative case analysis to create a risk-adjusted cumulative summation (RACUSUM) model to assess the learning curve of novice transplant surgery fellows (TSFs). Between January 2000 and December 2014, 30 novice TSFs participated in the organ procurement rotation of our ASTS-approved abdominal transplant surgery fellowship. Measures of surgical performance included intraoperative time, estimated blood loss, and incidence of intraoperative complications. The performance of senior TSFs was used to benchmark novice TSF performance. Scores were tabulated in a learning curve model, adjusting for case complexity and prior TSF case volume. Rates of adverse surgical events were significantly higher for novice TSFs than for senior TSFs. In univariable analysis, multiple renal arteries, high BMI, prior abdominal surgery, male donor, and nephrolithiasis were correlated with higher incidence of adverse surgical events. Based on the RACUSUM model, high intraoperative time is mitigated after 28 procedures, incidence of intraoperative complications tends to diminish after 24 procedures, and improvement in estimated blood loss did not remain consistent. TSFs exhibit a tipping point in LDN performance by 24-28 cases and proficiency by [35] [36] [37] [38] cases.
Introduction
The first successful laparoscopic donor nephrectomy (LDN) was performed in 1995 (1) . Shortly thereafter, variations of the procedure, including hand-assisted LDN (HS-LDN) and robot-assisted LDN, were introduced (2,3). The advantages of LDN over open donor nephrectomy are well established, namely, reductions in length of stay, pain, and convalescence; faster return to normal activity; and improved cosmesis (4) . Consequently, it has been suggested that LDN mitigates some of the disincentives for live kidney donation, thereby expanding the donor pool for patients on the transplant wait list (5, 6) .
Because LDN for kidney transplantation is one of the rare surgical procedures in which a healthy patient is subjected to major abdominal surgery, there is intense scrutiny of the safety of this procedure (7) (8) (9) . Although small, morbidity and mortality from LDN are not inconsequential, with estimated risk of 1.6-4.5% for major morbidity and 5.6-10.3% for any morbidity (10) (11) (12) . In fact, the evolution of LDN has been a series of practiceimprovement modifications aimed primarily at increasing safety. HA-LDN, for example, developed from initial observations that the use of hand-assisted techniques could reduce the number of procedures needed to achieve proficiency, thereby truncating the learning curve (LC) and reducing initial perioperative complications and blood loss (13) (14) (15) .
In an era of continued oversight in surgical training and patient safety, understanding the number of LDN procedures needed to achieve proficiency has considerable implications. In our multiorgan abdominal transplant surgery fellowship (ATSF) program, approved by the American Society of Transplant Surgeons (ASTS), we are uniquely poised to study surgical proficiency among transplant surgery fellows (TSFs) with LDN because of the staggered nature of the component rotations. Since January 2000, postgraduate surgical trainees who have completed general surgery residency training rotate in sequence among four different 6-mo-long organ-specific rotations: organ procurement, kidney, liver, and pancreasin that order. Thus, a new procurement fellow starts every 6 mo and first assists with the live donor kidney transplant (LDKT) program.
We sought to measure operative parameters among TSFs training in our program during their organ procurement rotation (OPR) in an effort to identify the average number of procedures needed to achieve proficiency.
Materials and Methods

Study cohort
A retrospective case analysis of 1200 consecutive HA-LDNs performed at the University of Minnesota Medical Center from January 2000 to December 2014 was carried out. During this time period, 30 novice TSFs (nTSFs) rotated for 6 mo on the OPR of an ASTS-approved multiorgan ATSF program. All donor and recipient information is prospectively maintained in an institutional review board-approved database.
Surgical technique
Our HA-LDN technique has been described previously (16) . The left HA-LDN technique utilizes two laparoscopic ports: one at the anterior axillary line in the left upper quadrant, two finger breadths below the costal margin, and the other at the level of the umbilicus to the left of the midline. For the right HA-LDN, one port is placed at the midclavicular line in the right lower quadrant and the other in the subxiphoid midline. In addition, unique to the right HA-LDN, a liver retractor is placed in the right subcostal midaxillary line. In both cases, a hand port (GelPort; Applied Medical, Rancho Santa Margarita, CA) is used in the midline to allow for hand assistance. The hand incision is then used to remove the kidney once the nephrectomy is completed.
Once entry into the peritoneal cavity is achieved, the abdomen is insufflated with carbon dioxide at a pressure of 15 cm H 2 O. To expose the renal pedicle, the descending or ascending colon is taken down and retracted medially. On the left, the gonadal vein is identified and traced upward to the confluence with the renal vein. On the right, a partial Kocher maneuver is performed, and the inferior vena cava is dissected out with identification of the renal vein. The ureter is dissected to the point where it traverses the bifurcation of the internal and external iliac vessels. The vascular supply of the ureter is retained while preserving the gonadal vein and periureteral tissues. The kidney is then dissected from the surrounding tissues and the adrenal gland. The lumbar and adrenal veins are clipped and divided. The renal vein and artery are dissected in close proximity to their roots. The distal ureter is divided, and then the artery and vein are transfixed and divided. Once extracted, the kidney is immediately immersed in ice slush and perfused with an intracellular electrolyte preservation solution. After hemostasis is achieved, the midline incision is closed.
Variable definitions
Organ procurement rotation: During the OPR of the ATSF at the University of Minnesota, TSFs are responsible for learning all aspects of organ procurement from deceased and live donors. Figure 1 demonstrates the typical timeline of LDN training for an individual TSF during the OPR and the time period that we selected for our LC analysis. An nTSF is defined as a new fellow in the OPR. A senior TSF (sTSF) is a fellow who has completed the OPR and who is in the second year of the fellowship and who could assist an nTSF during the OPR. For the overwhelming majority of the study participants, the sTSF was the graduating fellow in the pancreas (last) rotation who had the most experience of all fellows with LDN. On average, each sTSF had performed 33 LDNs (maximum 48) prior to assisting nTSFs.
In the first month of the rotation, nTSFs are oriented to LDN by sTSFs and the attending surgeons. During this time, the nTSF acts as a second assistant (e.g. retracts, holds the camera), helping the sTSF with positioning, entry into the abdomen, placement of ports, and colon reflection, all under the attending surgeon's supervision. For the most part, during this first month, the nTSF is an observer. At the start of the second month of the rotation, nTSFs are given graduated responsibility with attending surgeon supervision based on his or her technical abilities and prior laparoscopic experience.
As the OPR goes on, as is customary in surgical training, the sTSF steps back to play the role of the assistant, affording the nTSF more autonomy. By the last couple of months of the OPR, the sTSF does not scrub, and it becomes primarily an nTSF-driven case with attending surgeon supervision.
Surgical outcomes: The measure of surgical performance was composed of three distinct variables: (i) intraoperative time (operating room time [ORT] ; defined as the time between patient entry into and exit from the operating room), (ii) estimated blood loss (EBL), and (iii) an intraoperative complication (IOC) on an ordinal scale. For the purposes of statistical analysis, the surgical outcomes were dichotomized as follows: High EBL was determined to be >50 mL (the calculated median EBL for sTSFs); high ORT was determined to be >4.5 h (the calculated median ORT for sTSFs); and an IOC was defined as an intraoperative event that deviated from the expected course, deemed Clavien-Dindo classification (CDC) score ≥1, and that had a negative impact on patient care.
An adverse surgical event (ASE) was a deviation from the expected operative course that could have been an IOC or a complication that did not have a negative effect on patient care (increased EBL, ORT). Of note, EBL and ORT were treated as binary (i) to remain consistent with the third outcome, number of complications, and (ii) to avoid the influence of outliers, given the nature of the construction of these variables (i.e. EBL is an estimate and ORT is door to door).
The IOCs included in our study, according to the CDC schema, are captured by physicians, nurses, or coordinators involved with the case. Furthermore, in addition to the listed complications, we deemed a need for a blood transfusion as a CDC 2 complication. In our database, prior abdominal surgery was defined as a violation of the peritoneum for therapeutic purposes; therefore, any foregut or hindgut procedures (biliary, pancreatic, esophagogastric, small bowel, colonic) or gynecologic or urologic procedures constituted prior abdominal surgery.
Effect of prior surgical experience: Covariates indicating the numbers of prior LDN procedures (performed at the institution or individually by a TSF) were calculated. Prior procedures performed by an individual TSF included procedures in which that particular TSF may have participated in the didactic period, prior to beginning the second month of the OPR (Figure 1 ).
Statistical analysis
Donor risk characteristics (donors with BMI >30, prior abdominal surgery, donation of right kidney, or multiple renal arteries), other donor demographics (sex, age categorized as >60 or <60 years, race, relation to the recipient, and history of kidney stones), and surgical outcomes (high ORT, high EBL, complications) were summarized as frequency (proportion) by each month of a TSF's 6-mo OPR training period. Changes in proportions of donor characteristics across the OPR training period were tested using the Cochran-Armitage trend test. Outcomes were compared between nTSFs and sTSFs using v 2 tests of association or Fisher exact tests, as appropriate. Associations were determined to be significant at the 0.05 level.
To assess the effect of number of prior surgeries on surgical outcomes after adjusting for donor characteristics (i.e. the LC effect), we used a risk-adjusted cumulative summation (RACUSUM) technique. First, we modeled the probability of each ASE for TSFs using logistic regression, adjusting for risk characteristics of the donor, the number of prior surgeries performed at the institution, and whether this was during the first month of the OPR. Clinically relevant high-risk donor characteristics were included in the model, as were donor demographic variables that were significantly associated (at the ≤0.05 significance level) with outcomes based on univariable analyses. Backward variable selection was used to determine the final demographic variables included in these risk-adjusted models. Because the effect of the number of prior surgeries at the institution was not linearly related to the log odds of ASEs, we used restricted cubic spline transformation to model this nonlinear relationship.
For each surgery performed by an individual nTSF, we estimated the probability of high EBL, high ORT, and complications as if an sTSF performed the procedure, adjusting for relevant donor demographic variables based on the fitted model described. The residual risk (i.e. indicator for ASE minus predicted probability if performed by an sTSF) represents the excess risk of the surgical outcome compared with a sTSF. The cumulative sum of these individual residuals over each subsequent surgery by an individual nTSF represents the excess number of ASEs we would expect compared with performance by an sTSF.
A secondary analysis was performed to quantify the number of procedures an individual nTSF requires to achieve a rate of ASEs equivalent to the sTSF after adjusting for donor risk factors. Assuming that an nTSF's prior surgical experience has a linear relationship to the log odds of these ASEs, repeated measures logistic regression models were fit using generalized estimating equations, which account for the correlation between procedures performed by the same nTSF. These models accounted for the prior experience of the nTSF and the donor risk factors included in the previous models. A quadratic term of the nTSF's prior experience was tested via the residual score statistic to determine whether the assumption of a linear relationship was valid. The results of parameter estimates were used to calculate a model-based estimate of the number of procedures required before the adjusted probability of adverse outcomes for the nTSF equaled that of the sTSF.
Finally, an auxiliary analysis was performed to measure the confounding covariate effect of individual attending surgeon supervision using Kruskal-Wallis tests comparing the distributions of attending supervision across the OPR. No such effect was appreciated.
All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC), with statistical significance defined as p < 0.05.
Results
From January 2000 to December 2014, 1200 HA-LDNs were performed at the University of Minnesota; 1197 of these had complete chart information and were included in the analysis. Of the 1197 procedures included in the analysis, 975 procedures were performed by 30 nTSFs (average number of procedures per fellow was 33, maximum was 48).
Overall donor characteristics and intraoperative outcomes are listed in Table 1 . Most donors (95%) were aged <60 years, 21% of donors were obese (BMI >30), 58% were female, and 92% were white. The majority of donors (55%) were related by blood to the recipient, and only 1% of all donors had a history of kidney stones. The percentage of higher risk surgeries included 27% with a prior abdominal surgery, 21% requiring the removal of the right kidney, and 13% with multiple arteries.
Frequencies and proportions of donor characteristics within each month of an nTSF's training period are listed Each nTSF spends 1 mo with senior fellows and staff learning the logistical and ergonomic nuances of LDN, followed by a period of graduated responsibility, in which we measured the learning curve. By the end of the rotation, it is the expectation that the nTSF will perform the operation independently. LDN, laparoscopic donor nephrectomy; nTSF, novice transplant surgery fellow.
in Table 2 . The proportions of ASEs across the OPR are displayed in Table 3 and illustrate TSF improvement over time. Rates of ASEs were statistically higher in the nTSF's first two operating months than in the sTSF month for high EBL (49% vs. 40%, unadjusted p = 0.03) and high ORT (62% vs. 50%, unadjusted p = 0.003). Rates of these events were lower in the last 3 mo of the OPR and were not found to be significantly different from the sTSF month (high EBL: 44% vs. 40%, unadjusted p = 0.34; high ORT: 54% vs. 50%, unadjusted p = 0.30). Complication rates were very low overall; for nTSFs, they were 3.8% in the first 2 mo and 4.3% in the last 3 mo, which are higher but not statistically significantly different than complications for sTSFs (3.2%).
Results of univariable analyses of the donor characteristics in our study are summarized in Table 4 . Having multiple arteries was associated with high EBL (55% vs. 43%, p = 0.01) and high ORT (67% vs. 54%, p = 0.003). High BMI was significantly associated with high ORT (66% vs. 53%, p = 0.0001), and having prior abdominal surgery was associated with complications (6% vs. 3%, p = 0.03). Male donors were associated with higher EBL (52% vs. 40%, p < 0.001) and higher ORT (66% vs. 49%, p < 0.001), and a history of nephrolithiasis was associated with higher EBL (71% vs. 44%, p = 0.032).
No other donor characteristic was statistically significantly associated with an ASE.
The complications included in our study, according to the CDC schema, are listed on curve indicates that the rate of ASEs for nTSFs has improved relative to sTSFs. Based on the RACUSUM plots, most nTSF risk of high ORT is mitigated by the middle of the OPR, reaching a trend of improvement after 28 procedures. The improvement in EBL, as observed by the RACUSUM plot, is less obvious, but there is a trend of improving rates after the middle of the OPR. The risk of complications is low for this procedure, and the LC highlights the fluctuation in outcomes throughout the OPR, but the plot shows that complication rates plateau after 24 procedures. The comprehensive LC for nTSFs performing LDN, depicted in Figure 3A , demonstrates that rates of ASEs for nTSFs improved relative to sTSFs after 28 procedures. The frequency of ASEs per cumulative procedure performed by nTSFs during the OPR is depicted in Figure 3B . In the initial five procedures, the average frequency of ASEs beyond that of sTSFs is 1.3. This tends to decrease incrementally such that by the time the nTSF has reached 35-38 LDNs, the incidence of ASEs is similar to that of sTSFs.
Finally, the variability in independent LCs of the nTSFs is shown in Figure 4 . Based on the RACUSUM of the residuals of the logistic regression for each individual nTSF, there is great variability among nTSFs; just as with any trainee cohort, some nTSFs showed consistent improvement throughout the OPR, whereas others did not. The RACUSUM plots depict erratic trends in the residuals over each nTSF's prior case number. The curves examining high ORT ( Figure 4A ) demonstrate that most nTSFs' risk of high ORT improved in the middle of the OPR, after 18 prior procedures, with the rate half as Bold values signify those values in which statistical significance (p < 0.05) was found. EBL, estimated blood loss; ORT, operating room time. In a secondary analysis, under the assumption of a linear relationship between the case number and the log odds of each event, adjusting for institutional experience and risk, we expected the odds of high ORT to decrease by 2% with each additional procedure (p = 0.046). Based on the parameter estimates from the model, the nTSF obtains a rate of high ORT equal to the sTSF after 35 (95% confidence interval [CI] 19-58) procedures. The model of high EBL indicates that, although adjusting for institutional experience and risk, the odds of high EBL decrease by 1% with each additional procedure (p = 0.15), and the nTSF obtains a rate of high EBL equal to the sTSF after 38 (95% CI 0-163) procedures. Finally, because the risk of complications is low for this procedure, we could not reliably estimate the number of procedures it took a typical nTSF to achieve the complication rate commensurate to the sTSF.
The confounding variable posed by the attending surgeon was explored in a subanalysis of 546 cases from January 2008 to December 2014. Nine attending surgeons supervised LDNs during this time frame, and their assistance was evenly distributed across the training periods (p = 0.16). The attending surgeon was not found to be a confounding variable in the relationship between nTSF experience and the probability of encountering ASEs.
Discussion
LDKT allografts are associated with significantly better patient and graft survival compared with deceased donor kidneys (17) . LDN provides an opportunity to combine LDKT with the benefits of laparoscopic surgery to make donation more appealing to potential donors. As LDKT continues to increase worldwide, LDN will necessarily be more widely taught as the preferred method of allograft procurement. Although availability of technology and laparoscopic instruments poses barriers to LDN program adoption worldwide, the most significant limiting factor to widespread implementation remains the LC of the procedure (18, 19) .
Training TSFs to perform LDN safely and efficiently is of paramount importance to transplant surgery fellowship programs, transplant accreditation societies, LDKT programs, and the general public. Because LDN demands a special skill set that is different than traditional open donor nephrectomy, groups have sought to characterize the LDN LC as a way to mitigate the potential risks to the donor (20) (21) (22) (23) (24) . Moreover, handling of the allograft kidney requires special attention to surgical technique and rapid specimen extraction to minimize warm ischemia time, underscoring the high stakes of the operation. A recent systematic review determined the LC to be 35 cases, based exclusively on decreased ORT. In addition, the United Network for Organ Sharing recommends that surgeons should operate or assist in 15 LDNs within the previous 5 years to be considered proficient in the procedure (20, 25) .
We present an applicable model that integrates the most fundamental aspects of intraoperative safety and efficiency when evaluating LDN to determine the LC among TSFs. Numerous groups have studied the LC for LDN to systematize the training needed for the operation (20) (21) (22) (23) (24) . Although some groups report that surgical proficiency is achieved with 75 cases (23), others report that number to be unrealistic and beyond the purview of centers without a high volume of LDNs, claiming the proficiency number to be much lower, 10 LDNs with dedicated expert assistance (22, 24) .
Although prior studies have examined the LC of surgical trainees learning LDN (26) (27) (28) (29) , no study to date has comprehensively examined the multimodal metrics of the operation in a single analysis. These studies confirm the inverse relationship between surgeon experience and operative time and the indirect extrapolation to surgical proficiency; however, training and teaching laparoscopic skills involves complex surgical decision making and a rapidly changing intraoperative dynamic that involve a broad set of metrics. A number of recent studies corroborate that the LC and incidence of postoperative complications for a variety of laparoscopic procedures is highly correlated to hospital and attending surgeon volume and experience (30) (31) (32) (33) .
In response, we elected to measure an array of patientspecific and performance-dependent parameters that factor into intraoperative decision making and performance, which we defined with three quantifiable metrics. Studies analyzing the LC in LDN report that previous experience with kidney transplantation and advanced laparoscopic skills are essential and help reduce the LC. Most of these studies, however, were done on surgeons who had to learn laparoscopic skills after their surgical training or who themselves received laparoscopic training from individuals who had to learn laparoscopy on their own. Our study is the first report published in a generation of TSFs who were exposed to extensive laparoscopic surgery during their training. In fact, the American Board of Surgery (ABS) now requires "Fundamentals of Laparoscopic Surgery" training as a general surgery residency graduation requirement (34) , and a recent national review found that nearly 40% of cases logged by general surgery residents are done laparoscopically (35) . Consequently, our estimate of 24-28 cases as the tipping point for the LDN LC seems reasonable because formal and sequentially more complex laparoscopic training is now routine during surgical residency training.
One of the most interesting findings from our analysis is the weight that institution-specific case volume, independent of trainee-specific case volume, contributes to TSF performance improvement. This phenomenon emphasizes the importance of centers of excellence in training TSFs and is consistent with observations that improved intraoperative, patient, and recipient outcomes are observed for centers performing ≥50 LDNs annually (20) . Moreover, this finding also validates high-volume LDKT programs and their ability to teach trainees effectively.
Equally as interesting, we were unable to demonstrate an effect of attending surgeon experience as a confounder of TSF performance. Although the participation of the faculty may be variable, all operations had a faculty surgeon scrubbed for the critical aspects of the operation, if not for the entirety. That is the framework in which our study was carried out. Some aspects of our training paradigm are worth noting. First, the overwhelming majority of our trainees (28 of 30) at the time of the OPR were ABS certified or eligible; therefore, trainee autonomy was likely more a factor of confidence and trust on the part of the faculty, similar to what would be expected of a new junior partner joining a surgical practice. Given the ABS certification and the completion of a general surgery residency, the inherent expectation would be that these trainees had the basic knowledge and experience of entering the abdomen, taking down the colon, performing complex laparoscopic maneuvers, recognizing intra-abdominal misadventures, and so forth. Second, graduated responsibility in surgical training is built on a balance between mastery of skills and the ability to recognize potential pitfalls. Patient safety is never compromised for trainee autonomy; therefore, the inherent limitation in our study is that our LC was measured in the setting of a training program, whereby trainees demonstrate the skills and talent necessary to graduate from the program, to be able to perform the operation independently, and to teach those skills to future trainees, all under the supervision of a senior faculty member with considerable experience. Third, as with any surgical training program, we recognize that faculty involvement varies depending on the level of experience of the fellow and the faculty themselves; therefore, the confounding effect of this variability among faculty on the measured parameters was considered in a sensitivity analysis of those surgeries for which the data were available and seemed to demonstrate no significant effect on our outcomes.
Finally, our analysis of donor characteristics and their effect on surgical performance confirms prior reports that implicate renal artery multiplicity, high BMI, and prior abdominal surgery with intraoperative complications (36) (37) (38) (39) . In addition, although several studies have shown little if any difference in numerous outcomes (ORT, complications, graft function) when comparing LDN for right and left kidneys, we designated a right LDN as high risk. The rationale for this was that in our series, 87% of LDNs were left-sided; therefore, during the OPR, a typical nTSF (average of 33 LDNs during the OPR) would have performed 29 left-sided LDNs and four right-sided LDNs. The high-risk designation for right-sided LDN was more a factor of lack of familiarity by the nTSF with rightsided LDN, especially at the beginning of the case, when patient positioning, port placement, and so forth can be so critical and can lead to increased ORT, EBL, and IOC. However, our association with male sex and a history of nephrolithiasis is not as clear. Although the incidence of nephrolithiasis among our donors was very small (1%), the proportion of male patients was quite sizeable (42%). These demographic characteristics could have potentially had a confounding effect on the results, which is why we included them in the model. The significance of these findings is less clear. Moreover, patients with a history of nephrolithiasis accounted for only 1% of our donors. It is possible that with such small sample size, this significance may be reliant on selection and, with a larger sample, may disappear.
No statistical model aimed at measuring the complex nature of surgical performance is perfect. In our model, we deliberately excluded postoperative patient outcome measures, such as length of stay and recipient delayed graft function rates, as an assessment of proficiency because these measures often represent the sum of perioperative and postoperative multidisciplinary care, which is greatly influenced by team and institutional experience. Our study is also limited by the parameters we used to define the LC. Although others might suggest additional or alternative parameters, ORT, EBL, and IOC rates have been used in previous similar studies. In addition, our definitions of high EBL and ORT were arbitrary and based on the mean parameters set forth by sTSF performance.
Although we acknowledge that visual estimations of blood loss during an operation can be inaccurate (40, 41) , there have also been reports that clinical estimation of blood loss can closely correlate with actual change in perioperative hemoglobin (42) . Some points must be raised about this issue. First, at our institution, operating room teams are discipline-specific, which is important for the purposes of estimating blood loss because experience among surgical teams in anesthesia, nursing, and surgery is critical to obtaining consistent and reliable metrics of intraoperative measurements. Second, although we define EBL as an estimate, this is not strictly a clinical estimation. Our operating rooms rely on automated suction canister devices that provide fairly accurate estimates of the blood that is aspirated during an operation, with some degree of variation. Furthermore, because we dichotomized EBL, this enabled us to categorize an individual operation into two groups (low vs. high blood loss). This dichotomy allowed for a procedure to be considered low versus high risk. Because EBL was only one of three parameters explored, the actual value of blood loss was less important than the category.
Finally, we acknowledge that our fellowship program has a unique organizational structure. The division of the fellowship into four 6-mo organ-specific rotations allows TSFs the opportunity to truly immerse themselves in the organ-specific subject matter and to learn the preoperative work-up of patients, the technical aspects of required operations, and the postoperative follow-through and care of complications. With regard to the operative experience, TSFs practice and hone in their technical skills of a small number of procedures in a repeated and increasingly autonomous fashion. This schema also allows attending surgeons to work closely with the individual TSFs and give them more graduated responsibility, based on their surgical development and the attending surgeons' own trust in the TSFs over a relatively short period of time.
In our fellowship program, we have found that this rapid acquisition of skills in a handful of recurring cases (i.e. LDN) is critical for the acquisition and mastery of core cases in transplantation, especially in laparoscopic cases. The literature is replete with data on the benefit of short-interval repetition plays in the long-term acquisition and retention of laparoscopic skills (43) (44) (45) (46) (47) (48) . It also appears that skill repetition within the initial 12 weeks after introduction is critical to retain the core knowledge and skills that are necessary long term (44, 45) . Furthermore, because our sTSFs return as teachers after they have graduated from the OPR, this enables them to keep their skills sharp in a refresher setting-a crucial component of the long-term acquisition and maintenance of laparoscopic skills (46) .
Because of this unique fellowship schema, we felt that we had the ideal setting in which to study learning of the LDN operation by TSFs and could provide more granular insight into surgical education. In other programs, where TSFs are exposed to LDN training more infrequently or with a more fragmented schedule throughout the fellowship, individual TSFs may not acquire the nuances of the operation to allow them to graduate with the confidence to operate independently and efficiently. With that said, we recognize that one of this study's limitations is the variable role played by the nTSF, which could potentially make direct attribution of all outcome measures to the nTSF misleading, such as cases in which the nTSF did not perform a majority of the operation. Albeit a small fraction of the cases analyzed, this would constitute cases in which the operation was especially difficult or a complication was encountered early in the case that required the sTSF or attending surgeon to take on a greater role in the procedure.
Notwithstanding the limitations of this LC model, we have presented a comprehensive analysis of the LC for the ATSF that takes into consideration patient-, surgeon-, and center-specific parameters to evaluate intraoperative TSF proficiency with LDN. Based on our findings, TSFs require between 35 and 38 cases to become proficient with LDN but demonstrate a tipping point of learning the procedure by 24-28 cases.
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